UL69 of human cytomegalovirus (HCMV) encodes a pleiotropic transactivator protein and has a counterpart in every member of the Herpesviridae family thus far sequenced. However, little is known about the conservation of the functions of the nuclear phosphoprotein pUL69 in the homologous proteins of other betaherpesviruses. Therefore, eukaryotic expression vectors were constructed for pC69 of chimpanzee cytomegalovirus, pRh69 of rhesus cytomegalovirus, pM69 of murine cytomegalovirus, pU42 of human herpesvirus 6, and pU42 of elephant endotheliotropic herpesvirus. Indirect immunofluorescence experiments showed that all pUL69 homologs expressed by these vectors were localized to the cell nucleus. Coimmunoprecipitation experiments identified homodimerization as a conserved feature of all homologs, whereas heterodimerization with pUL69 was restricted to its closer relatives. Further analyses demonstrated that pC69 and pRh69 were the only two homologs that functioned, like pUL69, as viral-mRNA export factors. As we had reported recently that nucleocytoplasmic shuttling and interaction with the cellular DExD/H-box helicases UAP56 and URH49 were prerequisites for the nuclear-mRNA export activity of pUL69, the homologs were characterized with regard to these properties. Heterokaryon assays demonstrated nucleocytoplasmic shuttling for all homologs, and coimmunoprecipitation and mRNA export assays revealed that the interaction of UAP56 and/or URH49 with pC69 or pRh69 was required for mRNA export activity. Moreover, characterization of HCMV recombinants harboring mutations within the N-terminal sequence of pUL69 revealed a strong replication defect of viruses expressing pUL69 variants that were deficient in UAP56 binding. In summary, homodimerization and nucleocytoplasmic shuttling activity were identified as conserved features of betaherpesviral pUL69 homologs. UAP56 binding was shown to represent a unique characteristic of members of the genus Cytomegalovirus that is required for efficient replication of HCMV.
On the basis of biological properties, genome structure, and comparisons of primary amino acid sequences, the family Herpesviridae has been subdivided into three subfamilies, the Alpha-, Beta-and Gammaherpesvirinae (Fig. 1A) (40) . Separation of these subfamilies is estimated to have proceeded approximately 180 to 200 million years ago (12) , with development of genera within each subfamily occurring by more recent events (32) . The subfamily Betaherpesvirinae contains four genera, Cytomegalovirus, Muromegalovirus, Roseolovirus, and Proboscivirus (Fig. 1A) . The most intensively studied betaherpesviruses belong to the genus Cytomegalovirus and include human cytomegalovirus (HCMV; species, Human herpesvirus 5), rhesus cytomegalovirus (RhCMV; species, Macacine herpesvirus 3), and chimpanzee cytomegalovirus (CCMV; species, Panine herpesvirus 2). The genus Muromegalovirus comprises murine cytomegalovirus (MCMV; species, Murid herpesvirus 1) and rat cytomegalovirus (RCMV; species, Murid herpesvirus 2). Human herpesvirus 6 (HHV6; species, Human herpesvirus 6) and human herpesvirus 7 (HHV7; species, Human herpesvirus 7) belong to the genus Roseolovirus and, like HCMV, infect humans. Elephant endotheliotropic herpesvirus (ElHV; species, Elephantid herpesvirus 1) is the founder member of the genus Proboscivirus (14) . There are additional viruses within the Betaherpesvirinae subfamily that have not yet been classified into genera (Fig. 1A) .
Many conserved proteins have been identified among members of the Herpesviridae family, and they are assumed to fulfill similar functions during the course of infection. Among these is a family of homologous proteins (the ICP27 family) whose members function as posttranscriptional activators that facilitate the nuclear export of intronless mRNAs (45, 46, 56) . Members of the ICP27 family are present in every mammalian or avian herpesvirus sequenced to date, thus underlining their functional importance. Proteins belonging to this family are depicted in Fig. 1B and include, among others, the alphaherpesviral proteins ICP27 of herpes simplex virus type 1 (HSV-1; species, Human herpesvirus 1) and ORF4 of varicella-zoster virus (VZV; species, Human herpesvirus 2) (25, 42, 47) , the betaherpesviral protein pUL69 of HCMV (60, 61) , and the gammaherpesviral protein EB2 of Epstein-Barr virus (EBV; species, Human herpesvirus 4) (6, 20) . Interestingly, although the overall function of characterized ICP27 family members as posttranscriptional regulators and viral-mRNA export factors appears to be well conserved, specific motifs (e.g., the RNAbinding motif and nuclear localization and export signals) have diverged considerably (46, 49, 56) . Indeed, overall amino acid sequence identity among members is low (ϳ20%). The region containing the C-terminal 200-amino-acid (aa) residues of HSV-1 ICP27 is the best conserved (ϳ35%) and corresponds to a central domain within pUL69 and other betaherpesviral homologs. This domain is called the ICP27 homology region (Fig. 1B) (59) . Thus, pUL69 and its betaherpesviral homologs are characterized by a unique C-terminal extension that is absent from the alphaherpesviral and gammaherpesviral proteins ( Fig. 1B) (10, 59, 59) .
HCMV pUL69 is a nuclear phosphoprotein that consists of 744-amino-acid residues and has a molecular mass of ϳ105 to 116 kDa. It is expressed during the early late phase of viral replication (60) . By analogy to its counterparts in HSV-1 (ICP27) and EBV (EB2), pUL69 functions as a transactivator of gene expression (6, 39, 60) . One well-conserved characteristic of pUL69 is its ability, like that of HSV-1 ICP27 and human herpesvirus 8 (HHV8; species, Human herpesvirus 8) ORF57, to self-associate and form high-molecular-mass complexes (28, 31, 62) . Self-interaction is mediated by the conserved ICP27 homology region present in all members of the family and represents the only common function so far assigned to this domain. Moreover, pUL69, like all well-characterized members of this family, acts as a posttranscriptional transactivator that facilitates the nuclear export of mRNAs via its capability to shuttle between the nucleus and the cytoplasm and recruit components of the cellular-mRNA export machinery (8, 9, 11, 29, 58) . Importantly, in the case of HCMV pUL69, loss of mRNA export activity occurs either when the protein-protein interaction with UAP56 (a cellular DExD/Hbox RNA helicase involved in mRNA export) is inhibited or when its export by the CRM1-independent pathway is blocked (27, 29) .
The aim of the current study was to carry out a functional characterization of betaherpesviral pUL69 homologs in order to identify conserved and unique features of this protein family and thus to gain further insights into how these viral proteins are able to access and manipulate the cellular machinery for viral-mRNA export. In order to include homologs from each of the four betaherpesviral genera, we decided to analyze pUL69 (HCMV), pC69 (CCMV), and pRh69 (RhCMV) as representatives of the genus Cytomegalovirus, pM69 (MCMV) as a representative of the genus Muromegalovirus, HHV6A pU42 as a representative of the genus Roseolovirus, and ElHV1 pU42 as a representative of the genus Proboscivirus. We show that homodimerization and nucleocytoplasmic shuttling activity are conserved features of the betaherpesviral pUL69 protein family, whereas binding to the mRNA export factor UAP56 is confined to members of the genus Cytomegalovirus and correlates with the activity of the respective proteins in facilitating the nuclear export of unspliced RNA. Our observation that UAP56-binding-deficient viruses exhibit a strong replication defect ultimately leads to the conclusion that UAP56 interaction is crucial for efficient replication of HCMV.
MATERIALS AND METHODS
Oligonucleotides and plasmid constructs. Oligonucleotide primers used for this study were purchased from Biomers GmbH (Ulm, Germany). The sequences of all primers are listed in Table 1 . Expression constructs for betaherpesviral pUL69 homologs CCMV pC69 (GenBank accession number AF480884; gi 19881028) (13), RhCMV pRh69 (GenBank accession number AY186194; gi 31377878) (21) , MCMV pM69 (GenBank accession number U68299; gi 1688100) (37), HHV6A pU42 (GenBank accession number X92436; gi 1044869) (18) , and ElHV1 pU42 (GenBank accession number AF322977; gi 109639413) (16) were generated by either a two-step nested PCR followed by a specific PCR (CCMV pC69 and ElHV1 pU42) or by direct amplification of the respective open reading frame (ORF) from genomic DNA (RhCMV pRh69, MCMV pM69, and HHV6A pU42). The respective amplicons were digested with adequate restriction enzymes followed by ligation into a pcDNA3.1-derived vector that facilitates expression in fusion with either a FLAG (pHM971) or a Myc (pHM1580) epitope (23) . Site-directed mutagenesis of the UAP56 interaction motif within FLAG-C69 and FLAG-Rh69 was performed using a QuikChange site-directed mutagenesis kit as instructed by the manufacturer (Stratagene). The resulting constructs, as well as FLAG-UL69mutUAP56 (29) , were subcloned into the Myc expression vector pHM1580, yielding Myc-UL69mutUAP56, Myc-C69mutUAP56, and Myc-Rh69mutUAP56. The integrity of all newly generated plasmids was confirmed by automated DNA sequence analysis. FLAG-UL69, Myc-UL69, and FLAG-URH49 were constructed as described earlier (28, 29) . Use of the chloramphenicol acetyltransferase (CAT) reporter plasmid pDM128/CMV/RRE and the human immunodeficiency virus type 1 (HIV-1) Rev (pcRev) expression plasmid (kindly provided by J. Hauber, Hamburg, Germany) was described elsewhere (54). FUNCTIONAL ANALYSES OF BETAHERPESVIRAL pUL69 HOMOLOGS 1805 FLAG-UAP56 was a generous gift of K. Nagata (35) and was subcloned into pHM1580 as described earlier (29) . Plasmids pCFN-␤Gal and pCFNrev␤Gal, used as controls in interspecies heterokaryon assays, were obtained from M. Dobbelstein (Göttingen, Germany) (15, 41, 41 ) and were used as described previously (27) . UL69 expression plasmids mUAP, ⌬R1⌬RS, and ⌬R2⌬RS, encoding N-terminal mutations of UL69 that either abrogated the RNA-binding activity and/or the interaction of UL69 with UAP56, were described in previous studies (29, 55) . Cell culture, viruses, and plasmid transfections. HEK293T cells were cultivated in Dulbecco's minimal essential medium (DMEM) containing 10% fetal calf serum. HeLa cells and primary human foreskin fibroblasts (HFFs) were cultivated in Eagle's minimal essential medium with 5% fetal calf serum. Transfections were performed at a cell confluence of approximately 80% via the calcium phosphate coprecipitation procedure described earlier (23, 60) . The cytomegalovirus strain employed in this study as a control for growth kinetics analyses was obtained by reconstitution of infectious viruses using the bacterial artificial chromosome (BAC) pHB5, which contains the genomic sequence of the HCMV laboratory strain AD169 (5). Stocks of wild-type and recombinant viruses were prepared and titrated by IE1p72 fluorescence exactly as described previously (4) . Multistep growth curve analyses and quantifications of viral DNA in supernatants from infected cells were performed as described in a previous study (30) .
Indirect immunofluorescence analysis. HeLa cells were grown on coverslips in 6-well dishes (3.0 ϫ 10 5 cells/well) and transfected by standard calcium phosphate coprecipitation 1 day after seeding. Two days later, cells were fixed with 4% paraformaldehyde (10 min at room temperature) and permeabilized using phosphate-buffered saline (PBS)-0.2% Triton X-100 (20 min at 4°C). After being incubated with the appropriate primary antibody (MAb-FLAG M2; Sigma-Aldrich, Deisenhofen, Germany; MAb-Myc 1-9E10.2; ATCC) for 45 min at 37°C, cells were excessively washed and subsequently incubated for 30 min at 37°C with fluorescein isothiocyanate (FITC)-and/or Cy3-conjugated secondary antibodies (Dianova, Hamburg, Germany). Counterstaining of the cell nuclei was achieved by DAPI (4Ј,6-diamidino-2-phenylindole) containing Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Immunofluorescence data were analyzed by an Axiovert 135 (Zeiss, Jena, Germany) or a Leica TCS SP5 (Leica, Wetzlar, Germany) microscope at magnifications of ϫ400 and ϫ630 (23).
Western blotting and CoIP assay. For Western blot analysis, transfected HEK293T cells were lysed, diluted in sodium dodecyl sulfate (SDS)-Laemmli buffer, and boiled at 95°C for 5 min (23). Proteins were separated by SDSpolyacrylamide gel electrophoresis (PAGE) on 12.5% polyacrylamide gels and transferred onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany), followed by chemiluminescence detection according to the manufacturer's protocol (ECL Western blotting detection kit; Amersham Pharmacia Europe, Freiburg, Germany). Coimmunoprecipitation (CoIP) analysis was performed as described previously (2) . Briefly, HEK293T cells were transfected in 6-well plates (5.0 ϫ 10 5 cells/well) via calcium phosphate coprecipitation. Two days posttransfection, cells were lysed for 20 min at 4°C in 800 l of CoIP buffer (50 mM Tris-HCl [pH 8.0], 150 to 300 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 2 g/ml of aprotinin, 2 g/ml of leupeptin, and 2 g/ml of pepstatin). After centrifugation, the supernatant was incubated with the appropriate antibody (MAb-FLAG M2; Sigma-Aldrich, Deisenhofen, Germany; MAb-Myc 1-9E10.2; ATCC) coupled to protein A Sepharose beads for 1.5 h at 4°C. The Sepharose beads were collected and washed five times in CoIP lysis buffer. Antigen-antibody complexes were recovered by boiling in SDS sample buffer and analyzed via Western blotting.
Nucleocytoplasmic shuttling assay. To examine the nucleocytoplasmic shuttling activity of betaherpesviral pUL69 homologs, interspecies heterokaryon analyses were performed (36) . After transfected HeLa cells were fused with nontransfected murine NIH 3T3 cells by incubation with PEG3500, proteins were allowed to shuttle for 4 h exactly as described previously (27) . Thereafter, cells were fixed by 4% paraformaldehyde and heterokaryons were subjected to standard indirect immunofluorescence analyses as described above, using mouse anti-␤-galactosidase (␤-Gal) antibody (MAb-␤-gal; Roche, Mannheim, Germany) and a FLAG-tagged specific antibody (RAb-FLAG; Sigma-Aldrich, Deisenhofen, Germany) as primary antibodies.
Nuclear mRNA export assay for betaherpesviral pUL69 homologs. A nuclearmRNA export assay based on the export activity of transiently expressed pUL69 or betaherpesviral pUL69 homologs was performed by transfection of HEK293T cells as described previously (29) . Chloramphenicol acetyltransferase (CAT) reporter assays were performed by the use of the plasmid pDM128/CMV/RRE, which codes for chloramphenicol acetyltransferase within an artificial introncontaining mRNA (17) . To quantify CAT protein expression, a CAT enzyme- BAC mutagenesis. For the construction of UL69 recombinants, a two-step recombination strategy using the galactokinase gene as a selection marker was employed (57) . For the first recombination, the galK gene with 5Ј and 3Ј flanking regions homologous to UL69 sequences was amplified from plasmid pgalK (57), using the primers 5GalKUL69as2forw and 3GalKUL69as360rev. In order to accomplish the homologous recombination, the PCR fragment was then transformed into Escherichia coli (strain SW102), which already harbored the BAC pHB5. Cells were then plated on minimal medium (M63) agar plates containing 0.2% galactose and chloramphenicol and incubated at 32°C for 5 days. The colonies that appeared were streaked twice on MacConkey agar plates containing 0.2% galactose and chloramphenicol. Bacterial colonies appearing in bright red on MacConkey plates, and hence positive for the use of galactose, were used for the second recombination. For this recombination, the UL69 wild-type sequence, as well as UL69 mutant sequences, were amplified by PCR using primers 5UL69aa1 and 3UL69aa367 together with plasmids pHM160, mUAP, ⌬R1⌬RS, and ⌬R2⌬RS as templates (29, 55, 60) . In order to select for bacteria with loss of the galK gene, the transformed bacteria were plated on M63 agar plates containing 0.2% 2-deoxygalactose and chloramphenicol. Bacterial colonies appearing on these plates were subjected to further characterization (see below). Reconstitution of recombinant cytomegaloviruses using purified BAC DNA was performed as described previously (30) .
Viral nucleic acid isolation and analysis. BAC DNA was isolated either by standard alkaline lysis minipreparation from 5-ml liquid cultures or by using a NucleoBond BAC 100 kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions. Subsequently, the integrity of BAC DNA was analyzed by digestions with restriction enzymes and separation by 0.7% agarose gel electrophoresis followed by Southern blot analysis as described in previous studies (4, 30) . For a further characterization of recombinant BACs by PCR, reactions were performed with primer pairs n-termofUL69 and c-termofUL69 or n-termofUL69 and 3UL69aa440Eco, resulting in either amplification of the entire UL69 open reading frame, including flanking sequences, or the N-terminal part of UL69, respectively. Subsequently, the nucleotide sequence of the resulting PCR fragments was determined by automated sequence analysis (ABI, Weiterstadt, Germany) in order to confirm the correct insertion of intended mutations as well as to exclude the presence of accidental mutations within UL69.
RESULTS
Expression analyses of pUL69 and homologous proteins of the Betaherpesvirinae. Due to the lack of antibodies directed against any betaherpesviral pUL69 homolog, the starting point of our analyses was the engineering of N-terminally epitopetagged eukaryotic expression constructs for a representative selection of betaherpesviral pUL69 homologs. While FLAG-UL69 and Myc-UL69 were already available in our laboratory, FLAG-and Myc-tagged full-length constructs of CCMV C69, RhCMV Rh69, MCMV M69, and U42 of HHV6 and ElHV1 were successfully synthesized for the first time. In order to verify the functionality and to determine the expression patterns of the respective constructs, they were transfected into HEK293T cells, and 2 days later protein expression was analyzed by Western blotting using anti-FLAG or anti-Myc antibodies ( Fig. 2A and B) . Since FLAG and Myc epitopes are short polypeptides, the molecular mass of each protein was not significantly altered; therefore, FLAG-pUL69 and MycpUL69, which served as transfection and expression controls, could be detected with their characteristic isoforms of 105 to 116 kDa ( Fig. 2A and B, lanes 2) (61) . Intriguingly, open reading frame C69, which encodes 920 amino acids, was translated into a protein of approximately 125 kDa, while Rh69, which encodes 777 amino acids, was translated into a protein of 130 kDa ( Fig. 2A and B, lanes 3 and 4). U42 of HHV6, which encodes 515 amino acids, was detected in its FLAG-and Myc-tagged versions at about 60 kDa ( Fig. 2A and B, lanes 6). Most surprisingly, pM69, with an intermediate length of 843 amino acids, was determined to have the highest molecular mass of any betaherpesviral pUL69 homolog, with an apparent size of approximately 135 to 140 kDa ( Fig. 2A and B, lanes 5). Finally, ORF U42 of ElHV1, which encodes 660 amino acids, was translated into a protein of about 80 kDa ( Fig. 2A and B, lanes 7). Thus, the protein expression of all pUL69 homologs could be confirmed by these experiments.
Nuclear localization of pUL69 and homologous betaherpesviral proteins. As HCMV pUL69 was already known to accumulate within the nuclei of infected and transfected cells (60) , indirect immunofluorescence analyses of the betaherpesviral pUL69 homologs pC69, pRh69, pM69, HHV6 pU42, and ElHV1 pU42 were carried out in order to determine their subcellular distributions in HeLa cells. As illustrated in Fig. 3 , all investigated FLAG-and Myc-tagged homologs exhibited intranuclear accumulation ( Fig. 3A and B, c to m) , as was also observed for pUL69, which served as an internal control ( Fig. 3A and B, a and b) . The same diffuse distribution of pUL69, pC69, pRh69, pM69, and pU42 of HHV6 and ElHV1 throughout the nucleus except for the nucleoli could also be detected in HFF cells (data not shown), thereby further underlining the specificity of the results presented here. Interestingly, in some cells pRh69 and pM69 ( Fig. 3A and B, f and k) were concentrated in distinct foci within the nucleus, an observation that is consistent with previous findings of pUL69 aggregates in infected cells (60) . Nuclear localization was conclusively identified to be conserved within the subfamily Betaherpesvirinae within the ICP27 family and most likely throughout the Herpesviridae. Homo-and heterodimerization of betaherpesviral pUL69 homologs. Because homodimerization was reported as a well- conserved characteristic of all studied members of the ICP27 family (28, 31, 62) , we analyzed whether this was also true for the betaherpesviral counterparts. For this analysis, HEK293T cells were cotransfected with a combination of two plasmids, a FLAG-and a Myc-tagged version of C69, Rh69, M69, and U42 of HHV6 or ElHV1, either in combination or together with a construct encoding the red fluorescent protein (RFP), as indicated in Fig. 4A . Two days later, cells were harvested and protein expression was verified by Western blotting using anti-FLAG-or anti-Myc-specific antibodies (Fig. 4A , upper and middle panels). Next, FLAG-tagged proteins were immunoprecipitated by an anti-FLAG antibody before nonbound protein complexes were removed by extensive washing steps. After electrophoretic separation of the protein complexes, coprecipitated Myc-tagged versions of pC69, pRh69, pM69, and pU42 of HHV6 or ElHV1 could be detected by Western blotting (Fig. 4A , lower panel, lanes 2, 5, 8, 11, and 14) . The results were considered specific since no coprecipitation was observed when the FLAG-tagged protein was replaced with RFP ( Fig. 4A, lanes 3, 6, 9 , 12, and 15). These results show that homodimerization is a conserved feature of pUL69 homologs within the subfamily Betaherpesvirinae.
Since betaherpesviral proteins exhibit considerable amino acid conservation of the ICP27 homology region in the centers of the proteins, we reasoned that an analysis of the capacity to heterodimerize with pUL69 might identify critical amino acids required for this interaction. To investigate this, HEK293T cells were cotransfected with vectors encoding FLAG-tagged pC69, pRh69, pM69, or pU42 of HHV6 or ElHV1 together with Myc-UL69, or vice versa, as indicated in Fig. 4B . Two days later, cells were harvested and protein expression was monitored by Western blotting (Fig. 4B , upper and middle panels). After immunoprecipitation of FLAG-tagged proteins, coprecipitated proteins were identified by Western blotting using an anti-Myc antibody. As illustrated in the lower panel of Fig. 4B , a protein-protein interaction with HCMV pUL69 could be detected for pC69, pRh69, HHV6 pU42, and pM69 (Fig. 4B,  lanes 1 to 8) . Interestingly, our study revealed that ElHV1 pU42 was unable to heterodimerize with pUL69 (Fig. 4B, lanes  9 and 10) . Moreover, nonspecific interactions of FLAG-or Myc-tagged pUL69 homologs could be excluded, since no bands were visible on the coimmunoprecipitation blot when RFP was cotransfected with any of the FLAG-or Myc-tagged proteins ( Fig. 4A and data not shown).
To further validate these results in a different cell type and by using an alternative experimental approach, we took advantage of the construct FLAG-UL69mutNLS, which carries four alanine substitutions within its bipartite nuclear localization signal (NLS) and therefore displays a predominantly cytoplasmic distribution. Importantly, we demonstrated previously that the cytoplasmic pUL69mutNLS protein is recruited to the nucleus via homodimerization with cotransfected wild-type pUL69 (28) (Fig. 5a to d ) or in combination with Myc-tagged UL69 (Fig. 5e to h), C69 (Fig. 5i to m) , Rh69 ( Fig. 5n to q) , M69 (Fig. 5r to u) , HHV6 U42 (Fig. 5v to y) , or ElHV1 U42 (Fig. 5z to C) . Two days later, cells were fixed and the subcellular localization of the proteins was examined by indirect immunofluorescence microscopy. As shown before, all Myc-tagged proteins containing a functional NLS localized to the cell nuclei, whereas FLAG-UL69mutNLS displayed a cytoplasmic distribution (Fig. 3B and 5b) . Interestingly, coexpression of pUL69, pC69, pRh69, pM69, or HHV6 pU42 with pUL69mutNLS resulted in nuclear localization of both proteins (Fig. 5h, m, q, u, and y) . In contrast, pU42 of ElHV1 was not able to relocalize pUL69mutNLS from the cytoplasms into the nuclei of transfected cells (Fig.  5A ). This confirms our results obtained by coimmunoprecipitation analyses. Thus, we conclude that heterodimerization with HCMV pUL69 is a conserved feature of homologs belonging to the more closely related genera Cytomegalovirus, Muromegalovirus, and Roseolovirus but not of that of the more distantly related genus Proboscivirus.
Stimulation of nuclear export of unspliced RNAs is restricted to the cytomegaloviral proteins pUL69, pC69, and pRh69. One major characteristic of the members of the ICP27 family characterized so far is their ability to function as viralmRNA export factors. In order to investigate if representative betaherpesviral pUL69 homologs can likewise facilitate the nuclear export of unspliced mRNAs, we utilized a functional reporter assay that was developed by Hope and colleagues to monitor RNA export in vivo (24) . This assay, which is based on the pDM128/CMV/RRE reporter plasmid harboring the CAT coding sequence inserted into an intron, has previously been used to demonstrate the nuclear export of unspliced RNA by either pUL69 or the homologous protein of Epstein-Barr virus, EB2 (17, 22, 29) . Here, HEK293T cells were cotransfected with the pDM128/CMV/RRE reporter (Fig. 6A) and vectors encoding the well-characterized mRNA export factors HIV-1 Rev (54) and HCMV pUL69 (29) or one of the FLAG-tagged betaherpesviral pUL69 homologs, pC69, pRh69, pM69, or pU42 of HHV6 or ElHV1, as indicated in Fig. 6B . Two days later, cells were harvested and the amount of CAT protein was quantified using a CAT-enzyme-linked immunosorbent assay (ELISA) (Fig. 6B ). In accordance with our previous results, cotransfection of the empty pcDNA3 vector had only minor effects on the level of CAT protein expression, while expression was significantly increased upon coexpression of HIV-1 Rev or HCMV pUL69 (Fig. 6B, compare lane 1 with lanes 2  and 3) . Coexpression of pDM128/CMV/RRE with pC69 or pRh69 resulted in an increased CAT protein level similar to that observed when pUL69 was present (Fig. 6B, lanes 4 and  5) , implying that these two betaherpesviral proteins can, in analogy to their HCMV counterpart, function as viral-mRNA export factors. However, neither pM69, HHV6 pU42, nor ElHV1 pU42 was able to promote the accumulation of unspliced CAT mRNAs in the cytoplasm, as can be deduced from CAT protein levels that were comparable to those of the negative control (Fig. 6B, lanes 6 to 8) .
However, these CAT mRNA export assays were performed in human HEK293T cells and might therefore not be suitable for all pUL69 homologs of the Betaherpesvirinae subfamily with different host species, for example, pM69 of MCMV or ElHV1 pU42, due to the lack of species-specific host cofactors. In order to exclude this possibility, analogous CAT reporter assays were performed in murine NIH 3T3 cells (Fig. 6C) . Interestingly, coexpression of pDM128/CMV/RRE and HCMV pUL69, as a positive control, or CCMV pC69 and RhCMV pRh69 again yielded a significant increase in the CAT protein level in NIH 3T3 cells and therefore underlined their ability to function as viral-mRNA export factors, even in cells from a different host species. In contrast, coexpression of MCMV pM69, HHV6 pU42, or ElHV1 pU42 with the reporter plasmid in murine host cells did not increase the CAT protein level, thus confirming the results obtained with HEK293T cells. This finding argues against a dependency on species-specific host cofactors. In summary, our results show that the cytomegaloviral proteins pUL69, pC69, and pRh69 exert mRNA export activity irrespective of the cell system utilized, while, in contrast, the betaherpesviral counterparts pM69 and HHV6 or ElHV1 pU42 were not able to promote the nuclear export of unspliced mRNA in this particular reporter assay.
Nucleocytoplasmic shuttling of HCMV pUL69 and its betaherpesviral homologs. It has become apparent that some pUL69 homologs within the subfamilies Alphaherpesvirinae and Gammaherpesvirinae, including HSV-1 ICP27, EBV EB2, HHV8 ORF57, and herpesvirus saimiri (HVS) ORF57, continuously shuttle between the nucleus and the cytoplasm independently of virus-encoded cofactors (3, 19, 33, 34, 44, 48, 50) . Such nucleocytoplasmic shuttling activity was also confirmed for HCMV pUL69 and represents a prerequisite for its mRNA export activity (27, 29) . To analyze if representative betaherpesviral pUL69 homologs exert nucleocytoplasmic shuttling activity, which might account for their different behavior in the mRNA export assay presented before, interspecies heterokaryon assays were performed as originally described by Piñol-Roma and colleagues (36) . HeLa cells were cotransfected with vectors encoding FLAG-pUL69 or its betaherpesviral counterpart FLAG-pC69, FLAG-pRh69, HHV6-pU42, MCMVpM69, or ElHV1-pU42 and the reporter pCFNrev␤Gal, which served as a shuttling positive control. Two days later, HeLa cells were fused to nontransfected murine NIH 3T3 cells, resulting in heterokaryons comprising the cell nuclei of both species. Four hours after fusion, cells were fixed and the subcellular localization of transfected proteins was analyzed by indirect immunofluorescence analyses using polyclonal anti-FLAG and monoclonal anti-␤-Gal antibodies (Fig. 7) . In order to distinguish between murine and human nuclei, cells were counterstained with DAPI, thereby identifying the murine nuclei by their characteristic punctate pattern (Fig. 7, white arrows) . For a control, HeLa cells were transfected with one of two control plasmids termed CFNrev-␤Gal and CFN-␤Gal. CFNrev-␤Gal encodes ␤-galactosidase fused to the NLS of simian virus 40 large-T antigen (SV40 T-Ag) as well as to the nuclear export signal (NES) of HIV-1 Rev (Fig. 7, second   FIG. 5 . Nuclear recruitment of a pUL69-NLS mutant by heterodimerization with pUL69 homologs. HeLa cells were either transfected solely with a plasmid for FLAG-tagged pUL69 harboring point mutations within its nuclear localization signal (Flag-UL69mutNLS; a to d) or in combination with Myc-tagged pUL69 (e to h) or one of the pUL69 homologs (i to C). Two days later, indirect immunofluorescence analyses were performed using primary antibodies RAb-FLAG and MAb-Myc and anti-rabbit FITC or anti-mouse Cy3 as a secondary antibody. For visualization of cell nuclei, costaining of cells with DAPI was carried out.
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on July 8, 2017 by guest http://jvi.asm.org/ panel, NLS-NES-␤Gal). Consequently, this construct served as a shuttling positive control and ␤-galactosidase was detected in both types of nuclei within a heterokaryon ( Fig. 7e and f) , as it was for HCMV pUL69 (data not shown). The second plasmid, CFN-␤Gal, expresses ␤-galactosidase fused to the NLS of SV40 T-Ag; however, it lacks an NES (Fig. 7 , first panel, NLS-␤Gal), thus serving as a nonshuttling control and hence located exclusively in human nuclei but not in murine nuclei of a heterokaryon ( Fig. 7a and b) . In analogy, CFNrev-␤Gal, serving as an internal positive control for each approach, could always be detected in murine and human cell nuclei (Fig. 7k, o , s, w, and A). Accordingly, our heterokaryon analyses revealed that the cytomegaloviral proteins pC69 and pRh69 were detected in both types of cell nuclei in interspecies heterokaryons and therefore displayed nucleocytoplasmic shuttling activity analogous to that of HCMV pUL69 (Fig. 7i to m for pC69 and n to q for pRh69). To our surprise, the more distantly related pM69, as well as HHV6 and ElHV1 pU42, which were negative in the mRNA export assays, were also able to accumulate within murine cell nuclei and were therefore evaluated as nucleocytoplasmic shuttling proteins (Fig. 7r to u for pM69, v to y for HHV6 pU42, and z to C for ElHV1 pU42). In summary, our heterokaryon analyses identified pC69, pRh69, pM69, and HHV6 and ElHV1 pU42 as nucleocytoplasmic shuttling proteins that share this functional activity with their HCMV counterpart. This result not only identified nucleocytoplasmic shuttling as a well-conserved feature throughout the Herpesviridae family but further suggests that this activity may not be sufficient for mRNA export. Interaction with UAP56/URH49 is a prerequisite for stimulation of mRNA export by pUL69, pC69, and pRh69. Our group reported previously that interaction of pUL69 with the cellular DExD/H-box RNA helicase UAP56 or URH49 is a prerequisite for its mRNA export activity (29) . Since UAP56 is well conserved throughout the vertebrates it was tempting to speculate that an UAP56/URH49 interaction might correlate with the mRNA export activity of the cytomegaloviral pUL69 homologs. Initial bioinformatic approaches revealed that the UAP56/URH49 interaction motif of pUL69 (29) is 100% or 91% conserved within the cytomegaloviral proteins pC69 and pRh69, respectively (Fig. 8A) , but is absent in pM69, HHV6 pU42, and ElHV1 pU42, thereby supporting the assumption that a UAP56 interaction accounts for the mRNA export activities of cytomegaloviral proteins pUL69, pC69, and pRh69. To test this hypothesis, amino acid exchange mutants of pC69 and pRh69 were constructed with alterations of the properties of each protein to a loss of function or a gain of function with regard to the UAP56/URH49 interaction. In the case of pUL69 and pC69, the UAP56 interaction motif was altered by site-directed mutagenesis of four codons for essential arginines, thereby aiming to disrupt the protein-protein interaction (Fig. 8A) . The UAP56/URH49 interaction motif within pRh69 varies from the defined interaction motif by a single amino acid, which was altered by site-directed mutagenesis to yield the UAP56/URH49 interaction motif as contained within pUL69 (Fig. 8A) . Since the UAP56/URH49 interaction motif of pUL69 overlaps in part with its NLS and since the NLSs of pC69 and pRh69 have not yet been mapped in detail, the subcellular localization of each mutant was determined first. For this experiment, HeLa cells were transfected with expression constructs encoding FLAG-tagged or Myc-tagged mutants of pUL69, pC69, or pRh69. Two days later, indirect immuno- CFNrev-␤Gal served as a shuttling positive control, as it contains ␤-galactosidase fused to the NLS of the SV40 large T antigen and the NES of HIV-1 Rev. CFN-␤Gal also codes for ␤-galactosidase fused to the SV40 NLS but lacks a functional NES and therefore displays the shuttling negative control (41) . Interspecies heterokaryons were formed by fusion of transfected HeLa cells with murine NIH 3T3 cells. Four hours later, cells were fixed and the localization of transfected proteins was assessed by indirect immunofluorescence using an antibody specific for ␤-galactosidase and RAb-FLAG for detection of pUL69 homologs. Upon counterstaining by DAPI, murine nuclei (indicated by arrows) displayed a characteristic punctate pattern and could thereby easily be discriminated from the evenly stained human nuclei.
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on July 8, 2017 by guest http://jvi.asm.org/ fluorescence analyses revealed an intranuclear localization of each FLAG-tagged (Fig. 8B, g to m) or Myc-tagged (Fig. 8B , a to f) mutant. Next, the UAP56/URH49-binding capacity of mutant and wild-type proteins was investigated by CoIP. HEK293T cells were cotransfected with FLAG-URH49 and Myc-tagged genuine and mutated versions of pUL69, pC69, or pRh69 (Fig.  8C) . Two days later, cells were lysed and immunoprecipitation was performed using anti-FLAG antibodies. As determined by staining of the CoIP Western blot with anti-Myc antibody, URH49 was able to coprecipitate wild-type pUL69 and pC69 (Fig. 8C, lower panel, lanes 1 and 3) but not the respective loss-of-function mutants (Fig. 8C, lower panel, lanes 2 and 4) . Interestingly, URH49 coprecipitated not only the gain-of-function mutant pRh69mutUAP but also the wild-type pRh69 carrying one amino acid substitution within the UAP56/URH49 interaction motif of pUL69 (Fig. 8C, lower panel, lanes 5 and  6) . Thus, our results identified a UAP56/URH49 consensus motif (RERRAXRARRF) within the cytomegaloviral proteins pUL69, pC69, and pRh69 that was essential for the URH49 interaction.
Next, we analyzed by CAT mRNA export assays whether the UAP56/URH49 interaction was required for stimulation of nuclear-mRNA export by the cytomegaloviral proteins. In ac-FIG. 8. UAP56/URH49 interaction is crucial for cytomegaloviral mRNA export. (A) Amino acid alignment of the UAP56/URH49 interaction motif of HCMV pUL69 and the corresponding sequences of CCMV pC69 and RhCMV pRh69. To generate gain-of-function or loss-of-function mutants, site-directed mutagenesis was performed as indicated and the resulting constructs were subsequently analyzed in the experiments described below. (B) Nuclear localization of amino acid exchange constructs indicated in panel A. HeLa cells were transfected with FLAG-or Myc-tagged mutants of pUL69, pC69, or pRh69, as indicated. Two days later, cells were fixed and the subcellular localization of proteins was determined by indirect immunofluorescence analyses using anti-FLAG (g to m) or anti-Myc (a to f) antibodies as described before. DAPI was used for counterstaining of the cell nuclei. (C) URH49-binding capacity of constructs indicated in panel A. Coimmunoprecipitation analyses of cell lysates from HEK293T cells that were cotransfected with FLAG-URH49 (lanes 1 to 6) and Myc-tagged wild-type pUL69, pC69, or pRh69 (lanes 1, 3, and 5) or point-mutated versions of these proteins (lanes 2, 4, and 6). Two days posttransfection, cells were lysed and immunoprecipitation was performed, using anti-FLAG antibodies. After electrophoresis, coprecipitated proteins were visualized by Western blotting with anti-Myc antibody (lower panel). Immunoglobulin heavy chain (IgG HC) served as an internal control for the presence of the precipitating antibody. (D) CAT mRNA export assay of wild-type pUL69, pC69, and pRh69 and the respective mutants carrying mutations in the UAP56/URH49 interaction motif. The diagram shows the relative amounts of CAT protein measured 36 h after transfection of HEK293T cells with a mixture of the reporter pDM128/CMV/RRE and plasmids expressing either wild-type pUL69 cordance with our previous results, cotransfection of the CAT reporter pDM128/CMV/RRE with HCMV pUL69, CCMV pC69, or RhCMV pRh69 resulted in an increased level of CAT protein, similar to that observed after coexpression of the positive control HIV-1 Rev (Fig. 8D, lanes 2, 3, 5, and 7) . However, neither pUL69mutUAP56 nor pC69mutUAP56, both of which harbor point mutations abrogating the UAP56 interaction, was able to promote the accumulation of unspliced CAT mRNA in the cytoplasm (Fig. 8D, lanes 4 and 6) . In the case of pRh69mutUAP56, the predicted gain-of-function mutation of the UAP56 interaction motif slightly increased its ability to export unspliced CAT mRNA compared to that of wild-type pRh69 (Fig. 8D, lanes 7 and 8) . In summary, this set of experiments indicates that interaction with the cellular DExD/H-box RNA helicases UAP56 and URH49 is a prerequisite for the mRNA export activity of the cytomegaloviral proteins pUL69, pC69, and pRh69.
Interaction with UAP56/URH49 but not RNA binding of pUL69 is essential for efficient replication of human cytomegalovirus. Due to our observation that the UAP56-binding site of pUL69 is functionally conserved in pC69 and pRh69, we hypothesized that this protein interaction might play a critical role during HCMV replication. In order to investigate this possibility, we decided to generate several recombinant viruses harboring mutations within the N-terminal coding sequence of pUL69. Since we had observed in previous studies that the UAP56-binding site overlaps with a tripartite arginine-rich RNA-binding motif of pUL69 (55), three different UL69 mutations were introduced into the HCMV genome via BAC recombination. UL69mUAP corresponds to a previously described mutant of UL69 that carries alanine substitutions within the UAP56-binding domain, thus abrogating the interaction with UAP56 (29) . UL69⌬R1⌬RS and UL69⌬R2⌬RS are internal deletion mutants of arginine-rich regions, both of which have been shown to lack RNA-binding activity (55) . In addition, however, ⌬R1⌬RS is also negative for UAP56 binding, since the arginine-rich region R1 overlaps with the UAP56-binding site (Fig. 9A) . The structural integrity of mutant and revertant viruses was confirmed by restriction enzyme and Southern blot analyses (data not shown) as well as by PCR amplification of UL69 genomic sequences ( Fig. 9B and C) followed by nucleotide sequence determination of the entire UL69 ORF. After reconstitution of infectious viruses, multistep growth curve analyses of wild-type, mutant, and revertant AD169 viruses were performed in parallel. For these analyses, HFFs were infected in triplicate (multiplicity of infection [MOI], 0.1) with viral inocula normalized for equal immediateearly (IE) units. After harvesting of the supernatants at 2, 4, 6, and 8 days postinfection (p.i.), they were subjected to IE1p72 immunofluorescence titration. Figure 9D shows that we could detect a clear decrease in the release of progeny virions of the AD169-UL69mUAP and AD169-UL69⌬R1⌬RS viruses, both of which lack a functional UAP56-binding motif. The growth properties of the revertant virus AD169-UL69rev were not altered compared to those of the wild-type AD169 virus (Fig.  9D) , while the AD169-UL69⌬R2⌬RS virus expressing an RNA-binding-deficient pUL69 exhibited a slight but significant delay in the release of progeny virions. Since pUL69 has been shown to be a constituent of viral particles (61), the mutations introduced into pUL69 might affect the infectivity of HCMV virions. To exclude this possibility, DNA was extracted from the viral supernatants obtained from the growth curve experiment of Fig. 9D , and viral genomic equivalents were determined by real-time PCR. As shown in Fig. 9E , the amounts of DNA in the viral supernatants clearly paralleled the release of progeny virus as observed by growth curve analyses (compare Fig. 9D and E) . Taken together, these results strongly suggest that the interaction of pUL69 with UAP56/URH49 is required for the efficient replication of human cytomegalovirus.
DISCUSSION
The human cytomegalovirus protein encoded by ORF UL69 belongs to a family of regulatory factors that is conserved among all herpesviruses and includes the proteins ICP27 of herpes simplex virus type 1, EB2 of Epstein-Barr virus, and ORF57 of Kaposi's sarcoma-associated herpesvirus. For all characterized members of this protein family, a function as posttranscriptional activators that facilitate the nuclear export of mRNA has been documented. This function is mediated via the capability of these proteins to shuttle between the nucleus and the cytoplasm and to interact with components of the cellular mRNA export machinery (for reviews, see references 46, 49, and 56) . Interestingly, most of the protein domains important for mRNA export stimulation (e.g., the interaction site for cellular mRNA export factors and the nuclear export signal) have been mapped to regions of the herpesviral-mRNA export factors that show either no sequence conservation or a low level of sequence conservation. For this reason, we hypothesized that characterization of the closely related proteins within the Betaherpesvirinae subfamily homologous to pUL69 might reveal further insights into the evolution of regulatory protein domains.
Due to the lack of reactive antibodies against any betaherpesviral pUL69 homolog, the starting point of our analyses was the construction of epitope-tagged eukaryotic expression constructs for pC69 of chimpanzee cytomegalovirus, pRh69 of rhesus cytomegalovirus, pM69 of murine cytomegalovirus, and pU42 of human herpesvirus type 6 or elephant endotheliotropic herpesvirus. Interestingly, Western blot analyses revealed that the apparent molecular masses of the respective proteins (C69, ϳ125 kDa; Rh69, ϳ130 kDa; M69, ϳ135 to 140 kDa; HHV6 U42, ϳ60 kDa; and ElHV1 U42, ϳ90 kDa) differed from the predicted molecular masses calculated by the ExPASy proteomics server (C69, 100.7 kDa; Rh69, 87.5 kDa; M69, 93.0 kDa; HHV6 U42, 59.8 kDa; ElHV1 U42, 71.4 kDa). This result was not without precedent, since the predicted and apparent molecular masses of pUL69 also differ considerably and we reported previously that phosphorylation by cellular and viral kinases contributes to aberrant migration in SDS-PAGE (38, 53, 61) . However, the presence of additional posttranslational modifications is likely, since a recent study predicted SUMOylation of pUL69, although the respective attachment sites for SUMO were not characterized in detail (43) . Furthermore, as recently demonstrated for HSV-1 ICP27 (51, 52), pUL69 protein function might also be regulated via methylation. It is therefore feasible to speculate that at least some of the betaherpesviral homologs are also posttranslationally modified in the context of human cells, thus contributing to the discrepancies between predicted and observed molecular masses.
Even though in silico analyses failed to identify a classical NLS within pUL69 or any of its homologs and the alignment of the nonconventional bipartite NLS of pUL69 (29) with protein sequences of the homologs revealed 94.6% and 47.1% sequence identity with pC69 and pRh69, respectively, whereas HHV6 pU42 (20.6%) and pM69 (20.6%) and ElHV1 pU42 (29.4%) displayed only insignificant sequence homology, we determined a nuclear distribution for every protein. Remarkably, pRh69 and pM69 concentrated in distinct foci within the nucleus, which resembled nuclear pUL69 aggregates observed in transfected or infected cells treated with protein kinase inhibitors (38, 53, 60) . In previous studies, we addressed the question of whether this speckled staining pattern of pUL69 could be explained by colocalization with nuclear splice domain components like SC35; however, this was not detected for pUL69 (38, 60) nor for pRh69 and pM69 (data not shown). Currently, we are investigating whether specific cellular proteins contribute to the formation of these aggregates. Thus, given the low level of NLS conservation within the betaherpesviral pUL69 protein family, in order to be translocated to the nucleus these proteins must either be capable of interacting with human importins or have at least one common cellular interaction partner.
Like HCMV pUL69, all of its betaherpesviral homologs share a region with a high degree of conservation throughout the three herpesviral subgroups, the so-called ICP27 homology region. The only common function assigned to the ICP27 homology region so far is self-interaction, which has been demonstrated for ICP27 and pUL69 (28, 62) . By alignment of the pUL69 self-interaction domain (aa 269 to 574) with protein sequences of betaherpesviral pUL69 homologs, pC69 of CCMV was determined to be the homolog displaying the highest score for sequence identity (77.1%). In contrast, pRh69, pM69, HHV6 pU42, and ElHV1 pU42 displayed significantly less amino acid sequence identity (Ͻ36%). Hence, our findings that homodimerization is a common feature of the betaherpesviral UL69 proteins and, more strikingly, that pC69, pRh69, pM69, and HHV6 pU42 heterodimerize with pUL69 should ultimately help to narrow down the homodimerization and heterodimerization domains within each pUL69 homolog and to identify highly conserved amino acid residues that are required for these interactions.
One important feature of the ICP27 protein family is their capacity to function as viral-mRNA export factors, as described in the introduction. We performed an established CAT reporter assay originally developed by Hope and colleagues to monitor mRNA export in vivo (24) to show that only the cytomegaloviral proteins pUL69, pC69, and pRh69, analogous to HIV-1 Rev, were able to export unspliced CAT mRNA to the cytoplasm, while pM69, HHV6 pU42, and ElHV1 pU42 were negative in this assay. It is noteworthy that these assays were performed in human HEK293T and HeLa cells (data not shown). Thus, one might assume that pC69 and pRh69, which diverged more recently from HCMV pUL69 during evolution, might still interact with human cellular cofactors necessary for this export activity. In contrast, MCMV pM69 and ElHV1 pU42, which diverged earlier from HCMV pUL69, might not be able to recognize and interact with human cofactors, even though they could possess mRNA export activity within their natural hosts. Note that pM69 also failed to export this specific reporter RNA in the context of murine NIH 3T3 cells, while pUL69, pC69, and pRh69 remained active, thereby suggesting that pM69, at least in the context of this RNA export assay, does not function as a viral-mRNA export factor, in contrast to its cytomegaloviral counterparts. As HHV6 pU42 was also negative in the context of human cells, one might speculate that HHV6, as a lymphotropic human pathogen, requires cellular cofactors that are not expressed in tissue culture cells like HeLa or HEK293T. Further experiments using virus-specific host cell types need to be performed before a final conclusion can be reached.
In a previous study, we reported that nucleocytoplasmic shuttling activity was a prerequisite for pUL69-mediated mRNA export (29) . Therefore, we were interested in analyzing whether the betaherpesviral homologs also exhibit a nucleocytoplasmic shuttling activity. Importantly, an in silico search for a classical leucine-rich NES did not detect a matching sequence in any of the betaherpesviral pUL69 homologs. This finding was not without precedent, as we reported previously that the C terminus of pUL69 contains a nonclassical bipartite CRM1-independent NES that is located between amino acids 597 and 624 (27) . However, alignment of the pUL69 NES with sequences of the other betaherpesvirus family members failed to identify a motif with strong homology. The highest NES sequence identity of 39.3% was detected for pM69 of MCMV, whereas even the more closely related cytomegaloviral pUL69 homologs pC69 and pRh69 displayed a sequence homology of only approximately 30%. Interestingly, however, results from our heterokaryon analyses clearly showed that in addition to the cytomegaloviral proteins pUL69, pC69, and pRh69, the more distantly related factors pM69, HHV6 pU42, and ElHV1 pU42 exhibited nucleocytoplasmic shuttling activity. Future studies will aim at a precise definition of the amino acid sequence motifs as well as the cellular factors that facilitate the nuclear export of each member of the betaherpesviral pUL69 protein family. Nevertheless, our findings suggest that nucleoIn order to determine the replication capacities of the recombinant viruses AD169-UL69WT (wild-type), AD169-UL69rev (revertant), AD169-UL69mUAP (alanine substitution mutant of UAP56-binding motif), AD169-UL69⌬R1⌬RS (deletion mutant of arginine-rich motifs R1 and RS), and AD169-UL69⌬R2⌬RS (deletion mutant of arginine-rich motifs R2 and RS), multistep growth curve analyses were performed. HFFs were infected with equal IE units (MOI, 0.1) of wild-type, revertant, or mutant viruses. The viral supernatants were harvested at the indicated time points cytoplasmic shuttling activity is not sufficient for the observed mRNA export activity of the cytomegaloviral proteins pUL69, pC69, and pRh69. Because we detected in our previous studies that HCMV facilitates the cytoplasmic accumulation of unspliced mRNA via recruitment of the cellular DExD/H-box RNA helicases UAP56 and URH49 (29) , it was tempting to investigate whether this was also true for pC69 and pRh69. Site-directed mutagenesis was performed, and subsequent coimmunoprecipitation analyses in concert with CAT mRNA reporter assays clearly demonstrated that the UAP56/URH49 interaction of pUL69, pC69, or pRh69 was absolutely essential for their mRNA export activity. Since the evolutionary conservation of the UAP56/URH49-binding site suggests an important function of this protein interaction motif for viral replication, recombinant human cytomegaloviruses carrying mutations within pUL69 that have previously been shown to either abrogate the interaction with UAP56 and/or to interfere with the RNA-binding capacity of pUL69 (29, 55) were constructed. Growth curve analyses clearly revealed a severe replication defect of two viruses harboring UAP56-binding site mutations, while a revertant virus and a virus expressing an RNA-bindingdeficient pUL69 mutant replicated comparably to wild-type virus. This result strongly suggests that the interaction of pUL69 with UAP56/URH49 is essential for efficient viral replication. While the manuscript was under review, Kronemann and colleagues reported on the generation and characterization of a recombinant cytomegalovirus expressing the UAP56-binding-deficient alanine substitution mutant mUAP of pUL69 (26) . Surprisingly, the growth curve analyses performed in this study revealed that the UAP56-binding-deficient virus replicated to levels even greater than those of the wild-type virus (26) . The reason for this obviously contradictory result is presently not clear and requires further investigation but may be related to the fact that Kronemann and colleagues introduced the UL69 mutations into an already altered AD169-derived virus that carries an additional expression cassette for green fluorescent protein and a puromycin resistance gene, thereby deleting the open reading frame UL21.5 (7, 26) . Furthermore, we consider it highly unlikely that the introduction of an adventitious mutation accounts for the impaired replication associated with the lack of UAP56-binding activity as observed in the present study, since the respective phenotype was observed with two different viruses (UL69mUAP and UL69⌬R1⌬RS) that were generated in independent recombination reactions.
In summary, in spite of the low level of amino acid sequence conservation within the betaherpesviral pUL69 protein family, our study characterized homodimerization and nucleocytoplasmic shuttling activity as conserved features of the betaherpesviral proteins homologous to pUL69, and we were able to identify UAP56/URH49-binding capacity as a unique feature of the cytomegaloviral proteins pUL69, pC69, and pRh69 that is essential for their mRNA export activity and for efficient replication of HCMV. Interestingly, a recent study demonstrated that in addition to its effect on mRNA export, pUL69 facilitates the translation of mRNAs by excluding 4EBP1 from the cap-binding complex (1) . Thus, it is tempting to speculate that nucleocytoplasmic shuttling, which would be required for such a cytoplasmic function to modulate protein translation, is highly conserved within the betaherpesviruses while interaction with UAP56 to access the cellular mRNA export pathway has evolved only in the cytomegaloviral members of the pUL69 protein family. Further experiments will be required to address this hypothesis.
